RNA interference (RNAi) is a gene silencing pathway triggered by double-stranded RNA (dsRNA) . dsRNA is processed by Dicer to short interfering RNA (siRNA) (21-23 nucleotides [nt] in length), unwound, and loaded onto the RNA-induced silencing complex (RISC) as a single-stranded guide siRNA (Hammond 2005) . RISC then binds the target RNA and cleaves it at sites completely complementary to the siRNA (Hutvagner 2005) . microRNAs (miRNAs) are a large group of small noncoding RNAs (21-22 nt in length) functioning in gene silencing by repressing translation of the target mRNA (Ambros 2004; Du and Zamore 2005) . The expression of miRNA is developmentally regulated, implying an important role for miRNAs in regulating gene silencing through development (Ambros 2004; Du and Zamore 2005) . Members of the Argonaute family, defined by the presence of the PAZ and PIWI domains, play essential roles in gene silencing triggered by small RNAs such as siRNA and miRNA (Carmell et al. 2002) .
In Drosophila, there are five genes encoding members of the Argonaute family, AGO1, AGO2, AGO3, Aubergine, and Piwi (P-element-induced wimpy testis). Among these, AGO1 and AGO2, members of the Argonaute subfamily, are expressed ubiquitously through development, whereas the other three, members of the Piwi subfamily, are expressed only in germline cells (Williams and Rubin 2002) . AGO1 and AGO2 in Drosophila function in gene silencing through specific binding with miRNA and siRNA, respectively (Okamura et al. 2004 ). miRNA and siRNA are derived from different sources of precursors; miRNA is produced from a hairpin-shaped precursor (pre-miRNA) by Dicer1/Loquacious (R3D1) (Forstemann et al. 2005; Jiang et al. 2005; Saito et al. 2005) , whereas siRNA is produced from long dsRNA by Dicer2/R2D2 (Liu et al. 2003) . siRNA-loaded AGO2 functions in RNAi as a factor directly responsible for cleaving a target completely complementary to siRNA (Miyoshi et al. 2005 ). AGO2 has recently been shown to also be involved in RISC formation in RNAi by slicing the passenger strand of the siRNA duplex (Matranga et al. 2005; Miyoshi et al. 2005; Leuschner et al. 2006) . miRNA-associated AGO1 is thought to repress translation of mRNA targets without cleaving them; however, AGO1 also possesses target RNA cleavage (Slicer) activity, as does AGO2, and is capable of cleaving target RNAs when their sequences show complete complementarity to miRNA (Okamura et al. 2004; Miyoshi et al. 2005) .
Aubergine and Piwi, two of the Piwi subfamily members in flies, were shown to play important roles in germline cell formation. Aubergine is required for pole cell formation (Harris and Macdonald 2001) and for activating RNAi during Drosophila oocyte maturation (Kennerdell et al. 2002) . It has also been shown that Aubergine is involved in silencing retrotransposons in the female germline and Stellate genes by the homologous Suppressors of Stellate [Su(Ste)] repeats that produce small RNAs in testis (Aravin et al. 2004) . Piwi is essential in germline stem cell (GSC) self-renewal (Cox et al. 1998 (Cox et al. , 2000 Szakmary et al. 2005) . It has been proposed that niche Piwi maintains GSCs by repressing bagof-marbles expression in GSCs, and the germline Piwi functions by promoting germ cell division (Szakmary et al. 2005) . One of the piwi mutations, piwi 1 , causes male sterility due to severe defects in spermatogenesis. piwi 1 ovarioles are mostly devoid of germline cells (Lin and Spradling 1997) . Piwi has also recently been shown to be involved in silencing LTR retrotransposons such as copia and mdg1 in testis (Kalmykova et al. 2005) . Transposition burst of mdg1 was also observed in piwi mutants. However, little is known at the molecular levels about how Piwi is involved in gene silencing and in GSC self-renewal.
In this study, we investigated the molecular function of Piwi in gene silencing. We found that the Piwi complex immunopurified from ovary contained a class of small RNAs, distinct in their size from miRNAs and siRNAs. Through cloning and sequencing the Piwi-associated small RNAs, we identified them as repeat-associated siRNAs (rasiRNAs) derived from various kinds of repetitive elements in the genome such as the retrotransposon and heterochromatin regions. rasiRNAs are a subset of small RNAs and were originally found in a small RNA profiling study in fly testis and embryo (Aravin et al. 2003) . Since rasiRNAs are cognate to transposable elements and other repetitive elements in the fly genome, it is suggested that they participate in defining chromatin structures and regulating transposon activities. We noticed that the Piwi-associated rasiRNAs are often found in both sense and antisense orientations and that the 5Ј ends of the rasiRNAs are predominantly uridine, suggesting that they are processed by an RNase III domain enzyme. Specificity of Piwi association with rasiRNAs was assessed by Northern blot analyses, which showed that Piwi does not associate with miRNAs in vivo and that guide siRNA was not loaded onto Piwi when siRNA duplex was added to ovary lysate. We found that Piwi does exhibit Slicer activity, as do AGO1 and AGO2; however, Piwi localizes in the nucleus while AGO1 and AGO2 are found in the cytoplasm. Taken together, the results imply that Piwi functions in nuclear RNA silencing as Slicer by associating specifically with rasiRNAs that originate from the repetitive targets.
Results

Piwi expression in ovary, testis, and embryo
To investigate the molecular function of Piwi in gene silencing, we produced monoclonal antibodies against the protein. As an antigen, we used the N-terminal region of Piwi that shows much less similarity to the other members of the fly Argonaute family. Western blotting using the Piwi-specific antibody we raised revealed that Piwi is strongly expressed in the ovary and in the early embryo, but later in development the protein levels in the embryo decrease (Fig. 1A) . Piwi was not detected in Schneider 2 (S2) cell lysate (Fig. 1A) . The specificity of the anti-Piwi antibody is shown in Supplementary Fig.  S1 . To examine the expression pattern of Piwi in fly testis, ovary, and embryo, immunofluorescent staining was carried out (Fig. 1B) . In ovarioles, Piwi was found to be clearly accumulated in nuclei of both GSCs and somatic cells such as terminal filament cells (TFCs), cap cells, and follicle cells (Fig. 1B , panels II,III, IV). It has previously been shown that piwi mRNA is detected in TFCs (Cox et al. 1998) , and that myc-tagged Piwi protein is found in both somatic and germline cells in adult ovary (Cox et al. 2000) . Relatively low expression was observed in cystoblasts, as in the case of myc-Piwi (Cox et al. 2000; Szakmary et al. 2005) . In embryos, Piwi was found accumulated in nuclei of pole cells ( Supplementary Fig.  S1 ). In testis, Piwi appeared to be expressed in the hub, a tiny cluster of post-mitotic somatic cells localized at the apical tip of the testis (Fig. 1B , panels V,VI; panel VII shows the location of the hub stained with anti-Drosophila E [DE]-cadherin) and in cyst progenitor cells. The hub functions in the maintenance of GSC identity and influences its behavior (Ohlstein et al. 2004 ), while Piwi is required for the asymmetric division of GSCs to produce and maintain a daughter GSC but is not essential for further differentiation of committed daughter cells (Cox et al. 1998) . We found that Piwi seems not to be expressed in male germline stem cells (GSCs) (Fig. 1B , panels V,VI). This observation agrees well with the Western data showing that the relative amount of Piwi in testis is quite low (data not shown).
Piwi in ovary associates with small RNAs distinct from miRNAs
We next performed immunoprecipitation from ovary lysate using the anti-Piwi antibody. Silver staining of the immunoprecipitate failed to reveal any prominent bands copurifying with Piwi under physiological conditions ( Fig. 2A) , although some weak bands were perceived. Western blotting confirmed that the discrete band of ∼92 kDa was Piwi itself (Fig. 2B ). We then investigated if immunoprecipitated Piwi associates with any small RNAs. Total RNAs were isolated from the immunopurified Piwi complex, labeled with 32 P-pCp, and separated on a denaturing acrylamide gel. As a control, the AGO1 complex-an essential factor in miRNA-mediated gene silencing-was also immunopurified from the ovary, and miRNAs associated with AGO1 were simultaneously visualized. The Piwi-associated small RNAs migrated slightly slower than miRNAs (Fig. 2C) . Compared with the size markers, Piwi-associated small RNAs were estimated to be 25-29 nt in length. Northern blot analysis using probes specific for miRNAs (miR-1 and miR-310) clearly revealed that the Piwi-associated small RNAs are not miRNAs (Fig. 2D) .
Identification of small RNAs associated with Piwi in ovary
To identify the Piwi-associated small RNAs, we cloned and sequenced them. Of 800 clones sequenced, 392 hit to the Drosophila genomic sequences in databases. (Database searches were carried out by BLAST search using the databases at the National Center for Biotechnology Information [NCBI] and at FlyBase.) The compositions of the small RNAs obtained are listed in Table 1 . The largest class of cloned RNAs (84.1%) was rasiRNAs, originally found in a small RNA profiling study in Drosophila melanogaster embryo and testis (Aravin et al. 2003) . Breakdown products of rRNA, tRNA, mRNA, and snoRNA were also obtained (6.6%, 0.2%, 4.8%, and 4.1%, respectively). It is noteworthy that no miRNAs were obtained in this experiment. Among the rasiRNAs (330 clones), ∼40% (130 out of 330) matched to various kinds of transposable elements, including LTR (long terminal inverted repeat) retrotransposons and LINE (long interspersed nuclear elements)-like elements (Table 2) . Those LINE-like elements include Het-A and TART, both known to transpose only to the chromosome ends to maintain telomere length (Mason and Biessmann (Table 2) . By looking at the nucleotide sequences of all the clones (Supplementary Table S1 ), we noticed that the Piwi-associated rasiRNAs include both the sense and the antisense of a transposable transcript, although sense (+) orientation clones tended to be less abundant than those with an antisense (−) orientation (Table 2 ; Fig. 3A) , and that the first nucleotide at the 5Ј end was predominantly U (∼78%) (Fig. 3B ). In addition, the Piwi-associated rasiRNAs were cloned by the procedure originally developed for miRNA cloning (Maniataki et al. 2005) , indicating that they contain 5Ј phosphates and 2Ј,3Ј-hydroxyl termini. These characteristics suggested that the Piwiassociated rasiRNAs are produced from dsRNA precursors by an RNase III domain-containing enzyme. In some cases, such as stalker4, rasiRNAs are only found in an antisense (−) orientation (Table 2 ; Fig. 3A) . However, where the orientation bias of rasiRNA loading onto Piwi comes from is unknown and requires further investigation.
Specific association of Piwi with rasiRNAs
To confirm that rasiRNAs associated with Piwi indeed involve both the sense and antisense of a transcript, Northern blotting analysis was performed. roo rasiRNA was chosen for examination because it was one of most abundant clones obtained (11 out of 300) and in both sense and antisense orientations (Table 2) . Both sense and antisense roo rasiRNAs were detected in the immunopurified Piwi complex as expected (Fig. 4A) . Neither was found in the AGO1 complex, indicating that the Piwi association with rasiRNAs is specific (Fig. 4A) . roo rasiRNA that is derived from the roo antisense transcript (hereinafter, we refer to it as roo anti-rasiRNA) seems more abundant in the Piwi complex (Fig. 4A) The largest class of cloned RNAs (84.1%) was rasiRNAs, originally found in the small RNA profiling study in D. melanogaster embryo and testis (Aravin et al. 2003) . Breakdown products of rRNA, mRNA, and snoRNA were also obtained (6.6%, 4.8%, and 4.1%, respectively). It is noteworthy that no miRNAs were obtained in this experiment. the roo rasiRNA that was derived from the roo transcript in the sense orientation. This was determined from the fact that the signal of roo anti-rasiRNA in the anti-Piwi lane is about threefold stronger than that of roo antioligo (10 fmol) (Fig. 4A, left panel) , whereas the signal of roo rasiRNA is a little less (∼85%) compared with that of roo sense oligo (10 fmol) (Fig. 4A, right panel) . This observation correlated well with the fact that we obtained less roo rasiRNA than roo anti-rasiRNA in the cloning experiment ( Table 2 ). The Piwi-rasiRNA association was further verified by Northern blotting on total RNAs isolated from Piwi and AGO1 immunopurified complexes in ovary. rasiRNAs originating from copia and TART retrotransposon transcripts, and one of the repetitive elements located in the centromeric heterochromatin region, Responder (Supplementary Table S1 ; Cabot et al. 1993) , were detected only in Piwi but not in AGO1 complexes (Fig. 4B) , demonstrating that the association with rasiRNAs is specific to Piwi. Whether Piwi was able to associate with siRNA was also investigated. luc siRNA duplex was first incubated in ovary lysate. Piwi and AGO2 complexes were then immunopurified from the lysate using specific antibodies to each protein.
Northern blotting revealed that guide siRNA was specifically loaded onto AGO2 but not onto Piwi (Fig. 4C) . These data, together with those shown in Figure 2D , strongly indicate the high specificity of Piwi association with rasiRNAs. It is suggested that a complex for loading rasiRNAs specifically onto Piwi exists; as the Dicer1/ Loquacious (R3D1) and Dicer2/R2D2 complexes load, after processing, mature miRNA and guide siRNA onto AGO1 and AGO2, respectively. 
Piwi exhibits Slicer activity
Previously, using GST-tagged recombinant full-length AGO1 (GST-AGO1), we showed that AGO1 is able to cleave target RNA completely complementary to miRNA (Miyoshi et al. 2005) . In this study, we produced full-length GST-Piwi and examined the activity in an in vitro target RNA cleavage assay. Interestingly, we noticed that in the alignment of the Piwi domains of Piwi, AGO1, and AGO2, the D-D-H (Asp-Asp-His) motif, shown to be essential for Slicer activity of human Ago2 (Rivas et al. 2005) , was not well conserved, and that the third residue was replaced with Lys ( Supplementary Fig.  S2 ). Thus, we suspected that Piwi may not exhibit Slicer activity. However, we observed that GST-Piwi was able to cleave luc target RNA when it was preincubated with luc guide siRNA (21 nt; luc 21) as well as GST-AGO1 (Fig. 5A) . In this assay, it should be noted that we used single-stranded luc guide siRNA, in contrast to the siRNA duplex used in Figure 4C . GST-Piwi bound with another single-stranded siRNA, luc 30, which contains an additional 9 nt at the 3Ј end of luc 21, also cleaved the luc target (data not shown). By searching for peptide sequence similarity over species, we noticed that the D-D-K triad is conserved in a member of the Argonautes (EAL29401) in Drosophila pseudoobscura and one of the Piwi domain-containing proteins (EAR93067) in Tetrahymena thermophila.
Discussion
For several years, it has been thought that Piwi is involved in gene silencing of LTR retrotransposons since (1) Piwi is one of the members of the fly Argonaute family of proteins, and (2) piwi mutations cause higher expression levels of retrotransposon transcripts in vivo. Links between protein factors involved in RNAi and the The left panel shows that Piwi associates with roo anti-rasiRNAs originating from roo antisense transcript. The right panel shows the Piwi association with roo rasiRNAs that is derived from the roo transcript in sense orientation. roo sense and antisense DNA oligos (10 fmol each) were also loaded on gels to show the probe specificities. roo anti-rasiRNA signal in the anti-Piwi lane was several-fold stronger than that of roo antisense oligo (left panel), whereas roo rasiRNA signal in the anti-Piwi lane (right) is a little less (∼85%) compared with that of the roo sense oligo, indicating that Piwi likely associates preferentially with roo anti-rasiRNA. Note that the AGO1 immunopurified complex (both panels) does not contain roo rasiRNAs, showing the specificity of the Piwi-rasiRNA association. (B) Blots containing RNAs associated with Piwi and AGO1 in ovary were probed with copia and TART transcripts and one of repetitive elements, Responder. Small RNAs corresponding to copia and TART rasiRNAs are detected only in the anti-Piwi lanes, indicating that the association with both rasiRNAs is specific for Piwi. (C) siRNA preprogrammed in ovary lysate was loaded onto AGO2, but not onto Piwi. Ovary lysate was prepared first and luc siRNA duplex was added to the lysate. After incubation, AGO2 and Piwi were immunopurified from the mixture using the specific antibodies. RNA molecules were then isolated from the complexes and probed with luc siRNA passenger strand to visualize the luc guide siRNA. In the anti-AGO2 lane, the luc guide siRNA strongly appeared, but not in the anti-Piwi and n.i. (nonimmune) lanes, indicating that luc guide siRNA was specifically loaded onto AGO2. Figure 5 . Target RNA cleavage assay with GST-Piwi and GST-AGO1. Recombinant full-length Piwi and AGO1 fused to GST were produced in and purified from Escherichia coli. GST was used as a control. As guide siRNA, luc 21 (luc guide siRNA, 21 nt; Miyoshi et al. 2005 ) and bantam miRNA (21 nt; Miyoshi et al. 2005) were used. GST fusion proteins were first incubated with guide siRNA, and then the luc target labeled at the 5Ј end (Miyoshi et al. 2005 ) was added to the reaction mixture. After incubation, resultant RNAs were loaded on a denaturing acrylamide gel. The cleaved product was observed not only with GST-AGO1, but also with GST-Piwi. GST-AGO1 bound with bantam did not cleave the target, as expected.
silencing of endogenous transposable elements have also been made in other species like Caenorhabditis elegans (Ketting et al. 1999; Tabara et al. 1999) and Chlamydomonas reinhardtii (Wu-Scharf et al. 2000) . However, evidence at molecular levels to support such a Piwi function has not hitherto been reported. This study is the first to show that Piwi is specifically associated with rasiRNAs in vivo and that Piwi has Slicer activity. Our data suggest a novel, third kind of gene silencing pathway in Drosophila, following two distinct gene silencing pathways mediated by AGO1-miRNAs and AGO2-siRNAs (Okamura et al. 2004) . The existence of rasiRNAs in Drosophila has been demonstrated previously through investigation of small RNA expression profiling in testis and embryo (Aravin et al. 2003) . In that study, it was mentioned that rasiRNAs show some characteristics that suggest involvement of an RNase III domain enzyme in rasiRNA processing (Aravin et al. 2003) . In this study, we observed that Piwi-associated rasiRNAs also show the same characteristics as those found in the exhaustive study of Aravin et al. (2003) . Which protein factor(s) then produces rasiRNAs? Dicer1, Dicer2, and Drosha were not detected in Piwi complex immunopurified from ovary (data not shown). Although it may be due to the epitope hindering by Piwi and processing factor association, it is possible that a yet-to-be unidentified protein(s) other than Dicer1, Dicer2, and Drosha might be the crutial factor(s) for the rasiRNAproducing process.
We found that in fly testis, Piwi seems not to be expressed in GSCs, but its expression was clearly observed in the hub, the somatic cell cluster that functions to maintain GSC identity and influence its behavior. It is known that piwi 1 causes male infertility due to severe defects in spermatogenesis; thus, the necessity of the Piwi function in the hub for such processes is quite apparent. Although it also will be important to determine if Piwi is associated with rasiRNAs in the testis, our findings have set a new stage for understanding how Piwi functions in the formation and maturation of GSCs in both ovary and testis.
Materials and methods
Western blot analysis
Two hundred amino acids at the N terminus of Piwi fused with GST were used as the antigen to immunize mice. Anti-Piwi monoclonal antibodies were produced essentially as described previously (Ishizuka et al. 2002) . Western blotting was performed as described previously (Miyoshi et al. 2005) . Ten micrograms of proteins from each sample were loaded on gels (Fig.  1A) . Anti-tubulin was from the Developmental Studies Hybridoma Bank (1:1000 dilution).
Immunofluorescence
Testes and ovaries were dissected manually from adult flies in 1× PBS. Embryos were collected and dechorionated. Immunostainings were performed under standard procedures. Culture supernatants of anti-Piwi hybridoma cells were used without dilution. A rat monoclonal antibody to DE-cadherin (DCAD2)
(1:20 dilution) was a gift from S. Hayashi (Kobe-RIKEN CDB). Alexa-488 anti-mouse and FITC-conjugated anti-rat IgGs (Jackson ImmunoResearch) were used as the secondary antibodies. All images were collected using a Zeiss LSM510 laser-scanning microscope.
Immunoprecipitation from ovary lysate
Immunoprecipitation was performed essentially as described previously (Miyoshi et al. 2005) . Immunoprecipitation buffer contained 30 mM HEPES-KOH (pH 7.3), 150 mM KOAc, 2 mM MgOAc, 5 mM DTT, 0.1% NP40, 2 µg/mL Pepstatin, 2 µg/mL Leupeptin, and 0.5% Aprotinin. About 300 ovaries were used per immunoprecipitation. Silver staining of the protein components in the immunoprecipitates was performed using SilverQuest (Invitrogen).
Visualization of small RNAs associated with Piwi and AGO1
After immunoprecipitation, total RNAs were isolated from the immunopurified complexes with phenol:chloroform and precipitated with ethanol. RNAs were labeled with 32 P-pCp with T4 RNA ligase (TaKaRa) in a cold room overnight. After the reaction, RNAs were extracted with phenol:chloroform and precipitated with ethanol. RNAs labeled with pCp were loaded on a 7 M urea-containing denaturing 12% polyacrylamide gel and run. Signals were visualized using BAS-2500 (Fuji).
Small RNA cloning and sequence analysis
Small RNA cloning was carried out essentially as described (Maniataki et al. 2005) . The sequences of the adapters were 3Ј adapter, 5Ј-pUUUaaccgcatccttctctmdT-3Ј and 5Ј adapter, 5Ј-tact aatacgactcactAAA-3Ј (p, phosphate; capital letters, RNA; small letters, DNA; mdT, 3Ј amino-modified deoxythymidine). Firststrand cDNA synthesis was performed with Stratascript RT and RT primer (5Ј-ACTAGCTGGAATTCAAGGATGCGGTTAA AG-3Ј). For PCR, an RT primer and PCR primer (5Ј-CAGCCA ACGGAATTCATACGACTCACTAAA-3Ј) were used after 5Ј-end phosphorylation with T4 polynucleotide kinase (TAKARA). KOD plus (TOYOBO) was used as a polymerase. PCR products were cloned into the EcoRV site of pBS SK+ vector followed by sequencing. RNA sequences between 5Ј and 3Ј adapters were analyzed by performing searches in annotated genomic databases (NCBI [http://www.ncbi.nlm.nih.gov/blast] and FlyBase [http://flybase.bio.indiana.edu/blast]) to determine whether the cloned RNAs mapped to the genome. To avoid confusion, we only accepted sequences that perfectly matched the databases and categorized sequences that did not match to the D. melanogaster genome as "others."
Northern blot analysis
Total RNA was isolated from 50 ovaries from flies using Isogen (Invitrogen) according to the manufacturer's instructions. Five micrograms of total RNA were resolved by electrophoresis. Northern blotting for miRNA (miR-1 and miR-310) and luc siRNA was performed as reported previously (Miyoshi et al. 2005; Saito et al. 2005) . The following probes were used for detection: 5Ј-CTCCATACTTCTTTACATTCCA-3Ј for miR-1, and 5Ј-AAAGGCCGGGAAGTGTGCAATA-3Ј for miR-310. Gene fragments for detecting rasiRNAs were cloned into pBS SK+ vector using primers 5Ј-TTTGGTCAATCGAGCCTTTAA TCGACTC-3Ј and 5Ј-CACAATTGCTGATGTATGGCCTCA AG-3Ј corresponding to GenBank sequence AY180917 for roo; 5Ј-AAGCAAGAAAGTTATGAACGCG-3Ј and 5Ј-CCACAGA
